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Available online 9 April 2016The impact of geophysical model error on recovered temporal gravity ﬁeld models with both real and simulated
GRACE observations is assessed in this paper.With real GRACE observations, we build four temporal gravity ﬁeld
models, i.e., HUST08a, HUST11a, HUST04 and HUST05. HUST08a and HUST11a are derived from different ocean
tidemodels (EOT08a and EOT11a), while HUST04 andHUST05 are derived fromdifferent non-tidalmodels (AOD
RL04 and AODRL05). The statistical result shows that the discrepancies of the annualmass variability amplitudes
in six river basins between HUST08a and HUST11a models, HUST04 and HUST05 models are all smaller than
1 cm, which demonstrates that geophysical model error slightly affects the current GRACE solutions. The impact
of geophysicalmodel error for futuremissionswithmore accurate satellite ranging is also assessed by simulation.
The simulation results indicate that for current mission with range rate accuracy of 2.5 × 10−7 m/s, observation
error is the main reason for stripe error. However, when the range rate accuracy improves to 5.0 × 10−8 m/s in
the futuremission, geophysicalmodel error will be themain source for stripe error, which will limit the accuracy
and spatial resolution of temporal gravitymodel. Therefore, observation error should be the primary error source
taken into account at current range rate accuracy level, whilemore attention should be paid to improving the ac-
curacy of background geophysical models for the future mission.





Temporal gravity ﬁeld model
GRACE1. Introduction
The Gravity Recovery and Climate Experiment (GRACE) mission
contains two identical satellites tracking in the north–south direction,
and its K-band Ranging (KBR) system can detect minor variation in
the inter-satellite distance with micrometer accuracy. The combination
of the unique satellite conﬁguration and the precisemeasurements sys-
templays an important role in the high accuracy of the gravity data pro-
duced by GRACE. Usage of the data produced by GRACE over a decade
has improved the precision of static solutions by more than an order
of magnitude compared to solutions using previously published gravity
models (Tapley et al., 2013; Förste et al., 2014; Mayer-Gürr et al., 2014;
Chen et al., 2015a), and the temporal gravity variations observed by
GRACE also allow for unprecedented understanding of time-varying
changes in mass over large spatial scales (Mayer-Gürr, 2006;
Bruinsma et al., 2010; Liu et al., 2010; Bettadpur, 2012; Dahle et al.,
2012; Watkins and Yuan, 2012; Meyer et al., 2012; Chen et al., 2015b;
Zhou et al., 2015, Shen et al., 2015).
Regardless of the remarkable performance of theGRACE system, some
imperfections in its instrumentation negatively affect its spatial and. This is an open access article undertemporal resolution. The main imperfections include inconsistencies in
the quality of observations in different directions, low spatial resolution
and temporal aliasing errors.
First, due to the north–south tracking pattern and near-polar orbit,
the observation of GRACE is not sensitive to the variation of gravity sig-
nals in west–east direction. Therefore, zonal (latitudinal) coefﬁcients of
the gravitational spherical harmonics are more accurate than the secto-
rial (longitudinal) coefﬁcients (Wang et al., 2012). The implementation
of a different orbital conﬁguration (such as pendulum-type, cartwheel-
type or Bender-type) can avoid this problem (Bender et al., 2008;Wang
et al., 2012; Elsaka et al., 2014a, 2014b).
Second, the gap of satellite ground track and the accuracy of satellite
sensors is themain reason for the low spatial resolution for GRACE solu-
tion. Specially, the orbital repeat period of GRACE in September 2004 is
about 61/4, and the geoid height error of the temporal gravity model in
thismonth decreases by about one order ofmagnitude (Klokočník et al.,
2008). One way to improve the spatial resolution is to ensure that the
designed orbits avoid short repeat periods (Klokočník et al., 2013). In
addition, increasing observation accuracy can also improve spatial reso-
lution. Fortunately, in the near future, a laser interferometer ranging
system will replace the KBR system, and its expected accuracy is at the
nanometer level (Sheard et al., 2012). Moreover, the drag-free compen-
sation system can be applied to estimate the non-conservative pertur-
bation efﬁciently (Marchetti et al., 2008).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. The discrepancies between orbits integrated from different ocean tides.
Table 1
Summary of force models and their key elements.
Perturbation Force model Key parameters
Earth's static gravity
ﬁeld
GGM05s Truncated up to 180 degree
N-body perturbation DE405
Only the sun and moon is taken into
consideration
Solid Earth tides IERS2003
The frequency-independent part
impact on the SHCs of degree 2, 3 and 4
Ocean tides EOT products
EOT08a or EOT11a truncated up to 120
degree
Polar tide IERS2003 IERS 2003 conventions
Non-tidal AOD1B RL04 or RL05
General relativistic
effects
IERS2003 IERS 2003 conventions
Non-conservative force Accelerometers
One sets of scale and bias factors per
month
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that, the different time resolutions between GRACE temporal solutions
and realmass variations cause the temporal aliasing errors. For instance,
the high frequency temporal signals in hydrology, atmosphere and
ocean may alias into the ﬁnal GRACE monthly products (Han et al.,
2004; Ray and Luthcke, 2006; Seo et al., 2008). Moreover, because the
variation period of K1 and S2 main waves of ocean tide is longer than
one month, the effects of these signals cannot be averaged during
monthly temporal signal computation (Han et al., 2004; Seo et al.,
2008). The second reason is that additional error may be introduced
by the attempted correction of that aliasing. During GRACE data pro-
cessing, the mass variations of ocean and atmosphere system areFig. 2. Equivalentwater height variations from January 2005 to December 2006 in the Amazon b
is applied.removed using background geophysical models such as ocean tide
models and non-tidal models. Unfortunately, the prior geophysical
models are not perfectly accurate, and their errors can also alias into
the ﬁnal GRACE solutions (Han et al., 2004; Gruber et al., 2009).
Due to the limitation of instrument resolution and funding, the cur-
rent GRACE-type orbit is still the preferred conﬁguration. In this work,
we use this collinear pattern to study the effects of the geophysical
model used in data processing. The main issues that we investigate
are: (1) Currently, the GRACE solutions are determined with different
ocean tide models and different non-tidal models. (2) The temporal
gravity ﬁeld models are recovered with different types of observations.
Speciﬁcally, the models contain observation error, ocean tide model
error and non-tidal model error that may be independent or correlated.
The noise levels of the range rates errors are same for the KBR and laser
interferometer ranging system. Our motivation here is to assess the
impact of background geophysical models on determining temporal
gravity ﬁeld models for both current and future GRACE-type missions.
2. Simulation strategy
The temporal gravity ﬁeld models are determined by the so-called
dynamic approach (Reigber, 1989) in this paper. Given initial values of
satellites' state vector X0 and prior forcemodel parameters p (including
prior Spherical Harmonic Coefﬁcients (SHCs) and prior accelerometer
calibration parameters), the ‘reference orbit’X can be integrated numer-
ically. Due to the initial state vector error ΔX0 and forcemodel error Δp,
there are orbit residualsΔX between the reference orbitsX and the ‘real’
orbits X. On the basis of the formative mechanism of orbit residuals, the
linear observation equation of the satellite motion is:
ΔX ¼ X−X ¼ ∂X
∂X0
ΔX0 þ ∂X∂p Δpþ εX ð1Þ
where εX is a vector of linearization error. The partial derivatives ∂X∂X0 and
∂X
∂p can be computed during the integration of reference orbits.
The reference orbit can also be used to calculate reference range
rates. Subtracting the reference range rates from the ‘real’ ones, which
are measured by KBR system in orbit, the range rate residuals Δ _ρ can
be used to build an observation equation. Similar to the orbit residuals,
the equation for range rate residuals is:





Δpþ ε: ð2Þasin and Volga basin, the truncated degree is 60, and 300 kmGaussian smoothing ﬁltering
Fig. 3. Basin deﬁnitions.
Table 2
Summary of best-ﬁt annual amplitudes of six basins' mass variation time series computed
from the solutions from January 2005 to December 2006, truncated to degree 60, 300 km
Gaussian ﬁltering is applied.
Models Amazon Orinoco Parana Ob Yenisey Volga
CSR 15.77 13.65 4.09 3.33 3.56 3.91
HUST08a 15.26 13.21 3.50 3.99 3.67 4.86
HUST11a 15.46 13.37 3.50 3.58 3.44 4.97
179H. Zhou et al. / Journal of Applied Geophysics 130 (2016) 177–185After deriving these equations, we solve them with the least-square
adjustment method, and ﬁnally obtain the temporal gravity ﬁeld
models.
During temporal gravity ﬁeld model determination, themass var-
iations derived from ocean tide, solid earth tide, atmosphere tide and
non-tidal signals need to be modeled and removed from observa-
tions. This assumes that these prior geophysical models are accurate
enough that using them does not increase the total model error ver-
sus ignoring these phenomena. However, there may be situations
where the models are not sufﬁciently accurate. In the next section,
we will introduce different geophysical models during orbit integra-
tion to analyze the impact of geophysical model error on the tempo-
ral gravity model.
Because geophysical model error cannot be estimated exactly, the
discrepancy between each geophysical model is used to approximate
this part of error. For example, as shown in Fig. 1, the discrepancies be-
tween orbits derived from the ocean tidemodels FES2004 (Lefevre et al.,
2002), EOT08a (Savcenko and Bosch, 2008) and CSR4.0 (Eanes and
Bettadpur, 1995) can reach the centimeter level, which is equal to the
positioning accuracy magnitude of the GRACE satellites. Based on
EOT08a, Savcenko and Bosch (2012) published a new model named
EOT11a, which contains more observation signals from satellite altime-
try. In the rest of this work, we take EOT11a model as ‘true model’ of
ocean tides, and take EOT08a as ‘reference model’. Similarly, we use
the discrepancy between AOD1B RL05 and AOD1B RL04 (Flechtner and
Dobslaw, 2013) to simulate non-tidal model error. The truncated har-
monic degree for each product is 100 and the time resolution is 6 h.
3. Accuracy assessment of geophysical models impact
In this section, we assess the impact of ocean tide model error and
non-tidal model error on the recovered temporal gravity ﬁeld model.
Both GRACE solutions and simulation results are presented.
3.1. GRACE solutions
3.1.1. Ocean tide model error
To assess the impact of ocean tide model error on determining tem-
poral gravity models, different geophysical models have been used dur-
ing the estimation of our monthly gravity ﬁeld models. The GRACE
Level-1B data (Case et al., 2004) is used. Twenty-four monthly gravity
ﬁeld solutions truncated up to the 60th degree and order are computed,
covering January 2005 to December 2006. The force models applied inthe data processing are summarized in Table 1. Our software Dynamic
Satellite-to-Satellite Tracking (DynaSST) can be used to estimate
the gravity ﬁeld model with High-Low Satellite-to-Satellite Tracking
(HL-SST) and Low-Low Satellite-to-Satellite Tracking data indepen-
dently or jointly, and has been successfully used by Zhou et al. (2015)
and Luo et al. (2015).
During the inversion, AOD1B RL05 is used to correct the impact of
non-tidal mass distribution variability. EOT11a and EOT08a models
are used to remove the effect of ocean tides, and the products are called
HUST11a and HUST08a, respectively. After applying a 300 km Gaussian
smoothing ﬁlter, the equivalent water height (EWH) variations from
January 2005 to December 2006 in the Amazon basin and Volga basin
are shown in Fig. 2.
The best-ﬁt annual amplitudes are typically used to estimate the
water storage variation in speciﬁc basins. Due to the near-polar orbit
conﬁguration, the ground tracks of the GRACE satellites are close to-
gether near the poles, and widely spaced near the equator. Therefore,
six basins located in South America (near the equator) and Eastern
European (near the pole) are selected (Fig. 3). The areas of Amazon, Ori-
noco, Parana, Ob, Yenisey and Volga basins are 59.9 × 105 km2,
7.5 × 105 km2, 29.2 × 105 km2, 30.3 × 105 km2, 25.9 × 105 km2 and
13.8 × 105 km2, respectively. The best-ﬁt annual amplitudes of the
mass variation time series for the six basins are summarized in Table 2.
As shown in Fig. 3 and Table 2, regardless of whether EOT11a or
EOT08a is applied, our solutions are consistent with the published
model CSR RL05 (Bettadpur, 2012). Speciﬁcally, in Amazon basin,
HUST08a and HUST11a almost overlap each other except at the crest
and trough of the curve. Similarly, in these six speciﬁc basins, the differ-
ences of the annual amplitudes between HUST08a and HUST11a are all
smaller than 0.5 cm.
Fig. 4. Equivalent water height variations from January 2005 to December 2006 in the Orinoc and Yenisey basins, truncated to degree 60, and smoothed with a 300 km Gaussian ﬁlter.
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Similar to the solutions computed by the different ocean tidemodels
in Section 3.1.1, two years of GRACE monthly gravity ﬁeld solutions
truncated up to degree and order 60 are computed, covering January
2005 to December 2006. During the inversion, EOT11a is used as the
ocean tide model. AOD RL05 and AOD RL04 models are used to remove
the non-tidal effects, and the resulting products are HUST05 and
HUST04 respectively. Before calculating the statistics related to EWHs
in speciﬁc basins, a 300 km Gaussian smoothing ﬁlter is applied. The
EWH variations from January 2005 to December 2006 in the Orinoco
basin and Yenisey basin are shown in Fig. 4, and the best-ﬁt annual
amplitudes (shown in Fig. 3) of the mass variation time series of the
six basins over this period are summarized in Table 3.
Generally, the HUST05 solution is closer to CSR RL05. The largest an-
nual amplitude discrepancy between HUST05 and CSR RL05 is 1.06 cm
in the Volga basin. In contrast, we can ﬁnd that the EWHs in the Orinoco
and Yenisey basins in the HUST04 solution ﬂuctuate irregularly, espe-
cially from August 2005 to January 2006. In terms of the temporal grav-
ity model inversion, AOD1B RL05 performs better than AOD1B RL04.
The annual amplitude difference between the solutions derived from
these two non-tidal models can reach to 0.6 cm around (0.51 cm for
the Orinoco basin and 0.71 cm for the Yenisey basin). Although the an-
nual difference is smaller than 1 cm, as shown in Fig. 4, AOD1B RL05
should be used in order to improve the accuracy of the inversion.
The GRACE solution error is approximately 1.5 cm to 2 cm for areas
of 106 km2 (Liu et al., 2010), while geophysical model error, in terms of
annual amplitudes, is less than 1 cm. Therefore, at current observation
accuracy level, the observation error should receive the most attention.3.2. Simulation results
To analyze the impact of geophysical model error for both current
and future GRACE-type missions, we add different Gaussian white
noise vectors into range rate observations. For the current GRACE
mission, the noise in the range rate measurements is 2.5 × 10−7 m/s.Table 3
Summary of best-ﬁt annual amplitudes of mass variation from six basins' time series com-
puted from the solutions from January 2005 to December 2006, truncated to degree 60,
and smoothed with a 300 km Gaussian ﬁlter.
Models Amazon Orinoco Parana Ob Yenisey Volga
CSR 15.77 13.65 4.09 3.33 3.56 3.91
HUST04 15.42 12.86 3.69 3.28 4.15 5.00
HUST05 15.46 13.37 3.50 3.58 3.44 4.97For future GRACE-typemission, the accuracy of range rates can improve
to nanometer per second. However, due to the limited accuracy of
standard double-precision ﬂoating-point computations during data
processing, the gravity ﬁeld model cannot take full advantage of
the laser interferometer ranging system (Daras et al., 2015). Hence,
following Elsaka et al. (2012, 2014a), white noise in range rate of
5.0 × 10−8 m/s is introduced for a future GRACE-type mission in this
study. In addition, to obtain quantitative estimates of stripe error for
GRACE-type missions, we use synthetic monthlyWaterGap Gravity Hy-
drological Model (WGHM, [Döll et al., 2003]) data to simulate water
storage changes, which comprehensively considers surface water, soil
moisture, groundwater and other moisture reservoirs.
3.2.1. Ocean tide model error
To assess the impact of ocean tidemodel error and observation error
on the current temporal gravity ﬁeld model inversions, we design three
simulation strategies as follows. (A1) Only the ocean tide model error,
calculated as the difference between EOT11a and EOT08a, is taken into
consideration. (A2) Only 2 cm orbit error and 2.5 × 10−7 m/s range
rate Gaussian white noise are taken into consideration. (A3) The errors
in strategy A1 and strategy A2 are both used in the simulation. The
WGHMmodel is used to simulate the temporal hydrological gravity sig-
nal for these test simulations.
The variances of the model and signal geoid heights as a function of
degree are shown in Fig. 5a. The intersection point between ocean tide
model error (Strategy A1) and 2.5 × 10−7m/s range rate noise (Strategy
A2) is around degree 20. At lower degrees, the effect of the ocean tide
error is larger than the effect of the 2.5 × 10−7 m/s range rate noise.
Fortunately, the error here is smaller than WGHM signal by about one
order of magnitude. After degree 20, the ocean tide model error de-
creases rapidly, and it is almost smaller than 2.5 × 10−7 m/s range
rate noise for one order of magnitude. Consequently, the error in the
solution derived from strategy A3 is dominated by the ocean tide error
before degree 20, and by the 2.5 × 10−7 m/s range rate noise at higher
degrees. Moreover, the intersection betweenWGHM signal and the so-
lution derived from strategy A3 is around degree 30.
The global EWH distributions computed from different solutions are
displayed in Fig. 6. The results indicate that ocean tide errorwould cause
stripe error in EWH distribution. In contrast, 2.5 × 10−7 m/s range rate
noise plays the dominated role in stripe error formation.
The laser ranging instrument will improve the accuracy of inter-
satellite range observations signiﬁcantly. To analyze the impact of
ocean tide model error on the next generation gravity satellite, we
also design three strategies as follows. (B1) Only ocean tide model
error (the difference of EOT11a and EOT08a) is taken into consideration.
(B2) Only 2 cm orbit error and 5.0 × 10−8 m/s range rate Gaussian
Fig. 5. Variances of model and signal geoid heights (m) as a function of degree, comparing between ocean tide model error, 2.5 × 10−7 m/s range rate noise (left) and 5 × 10−8 m/s range
rate noise (right).
Fig. 6.Comparison between the solutions containing ocean tidemodel error, 2.5 × 10−7m/s range rate noise (ﬁrst row) and 5× 10−8m/s range rate noise (second row), in terms of global
equivalent water height distribution. The truncated degree is 60. No spatial ﬁlter is applied.
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and strategy B2 are both used in the simulation.
The variances of the model and signal geoid heights as a function of
degree are shown in Fig. 5b. When only 2 cm orbit error and
5.0 × 10−8 m/s range rate noise are taken into consideration, the SNR
(Signal to Noise Ratio) is larger than 1.0 before degree 60. Converting
this inverse solution into global EWH, the inverse temporal signal for
strategy B2 in Fig. 6 is almost identical to the original WGHM signal
(with a correlation coefﬁcient of up to 0.78). In contrast, the value isTable 4
Summary of best-ﬁt annual amplitudes (cm) of six basins' mass variation time series in
2005. The results are truncated to degree 60, and no spatial ﬁlter is applied.
Strategy Amazon Orinoco Parana Ob Yenisey Volga
Error free 14.69 19.12 1.73 5.37 3.94 11.91
A1(B1) 15.24 19.44 1.66 5.80 4.04 12.14
A2 14.31 16.07 1.74 4.14 5.70 11.90
A3 14.86 16.51 1.67 4.52 5.75 12.13
B2 14.65 19.17 1.70 5.33 4.06 11.92
B3 15.20 19.49 1.63 5.75 4.16 12.15only 0.24 between the solutions derived from strategy A2 and original
WGHM signal. It indicates that the improvement of sensors can beneﬁt
the inverse accuracy of temporal signal signiﬁcantly.
However, considering the variances of model and signal geoid
heights, the total error of the solution, which incorporates the effects
of both the ocean tide model error, the 2 cm orbit errors and
5.0 × 10−8 m/s range rates noises (i.e., Strategy B3), is larger than
WGHM signal for degrees higher than approximately 40, and it is only
slightly larger than the solution solely derived from ocean tide model
error (i.e., Strategy B1). Consequently, although only 5.0 × 10−8 m/s
range rate noise is introduced, due to the inﬂuence of ocean tide error,Table 5
RMS (cm) ofmass variation time series in 2005. The selected regions are Sahara desert and
middle of Paciﬁc Ocean. The truncated degree is 60, and none spatial ﬁlter is applied.
Strategy Error free A1(B1) A2 A3 B2 B3
Sahara desert 0.05 1.67 2.76 2.76 1.40 1.70
Middle of Paciﬁc Ocean 0.003 0.79 2.94 3.10 0.39 0.83
Fig. 7. Equivalent water height distribution for the Amazon basin as determined by Strategy A3, Strategy B3 and Strategy B2 compared with the original signal of WGHM.
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turbed by stripe error.
The best-ﬁt annual amplitudes of the mass variation time series
(shown in Fig. 3) in 2005 are displayed in Table 4. When the range
rate noise is 2.5 × 10−7 m/s, in the Orinoco and the Yenisey basins,
the annual discrepancies between the error-free model and Strategy
A2 reach 3.05 cm and 1.76 cm, respectively. After introducing ocean
tide model error (Strategy A3), the discrepancies of annual amplitudes
are slightly larger than the ones computed in Strategy A2. This result in-
dicates that given the current level of inter-satellite range ratemeasure-
ment accuracy, the dominant inﬂuence on temporal signal inversion
accuracy is observation error although ocean tide model error does
have a minor effect.
In contrast, when the accuracy of inter-satellite range rate improves
to 5.0 × 10−8 m/s, the inverse EWHs accuracy can reach the millimeter
level for the basins larger than 105 km2. However, due to ocean tide
error, in the Amazon basin, the annual amplitude discrepancy between
Strategy B3 and the error-freemodel reaches 0.51 cm. This ﬁnding dem-
onstrates that ocean tide model error plays the dominant role in the
error in temporal signal estimation when the GRACE constellation's
ranging system is improved.
To estimate the accuracy of inverse temporal gravity models in
the areas with small water storage variations, the Sahara desert
(10°E–20°E, 20°N–30°N) and the middle of the Paciﬁc Ocean
(146°W–134°W, 17°S–23°S), are selected as example sites. The
root-mean-square (RMS) mass variation time series of two regions
is displayed in Table 5. In the error-free situation, we ﬁnd that theRMS of Sahara desert and the middle of Paciﬁc Ocean are smaller
than 0.1 cm and 0.01 cm, respectively. Therefore, they can be used
to assess the accuracy of inverse temporal gravity models. In terms
of RMS, the accuracy of the solutions derived from different strate-
gies can be ordered from high to low as follows, B2, B1 (A1), B3,
A2, and A3. It is evident that the current range rate observation accu-
racy is a large component of the error in the inverse temporal gravity
models than the ocean tide model error. However, with the improve-
ment of range rate accuracy, ocean tide model errors will play the
dominant role in the future.
The spatial resolution (as opposed to accuracy) of temporal gravity
ﬁeld model is also highly important for hydrological applications
(e.g., Awange et al., 2014; Li et al., 2013; Mohamed et al., 2014, Wang
et al., 2015). Fig. 7 shows the EWHdistribution for the Amazon basin de-
termined by the different strategies. Due to space limitations, only the
solutions for four representative seasons in 2005 are displayed. The so-
lutions derived from Strategy A3 are distorted with north–south stripe
error, which is the combined effect from 2.5 × 10−7 m/s range rate
error and ocean tide model error. When the accuracy of range rate im-
proves to 5 × 10−8 m/s, the ocean tide model error, which causes a
slight stripe error in Strategy B3, still affect the spatial resolution of tem-
poral gravity model. Such stripe error needs to be reduced by spatial ﬁl-
tering (e.g., Jekeli, 1981), while post-processing may remove the stripe
error but simultaneously distort the temporal signal. If the accuracy of
ocean tide model can also be improved in the future, without any
post-processing, the observed temporal signal can be clearly recovered
(Strategy B2 shown in Fig. 7).
Fig. 8. Variances in the geoid height (m) of the signal and error models as a function of harmonic degree, comparing non-tidal model error, 2.5 × 10−7 m/s range rate noise (left) and
5 × 10−8 m/s range rate noise (right).
183H. Zhou et al. / Journal of Applied Geophysics 130 (2016) 177–185In short, the simulation results demonstrate that ocean tide model
errorwill seriously affect the accuracy and spatial resolution of temporal
gravity model. Therefore, to invert the temporal signal efﬁciently and
fulﬁll the development needs of scientists working geophysics or
other disciplines, we need to improve the accuracy of ocean tide
model, or create a new approach that can determine ocean tide model
and temporal gravity model simultaneously.3.2.2. Non-tidal model error
To estimate the impact of the non-tidal model error on temporal
gravity ﬁeld model inversions, we design three simulation strategies
with the current GRACE ranging accuracy as follows: (C1) Only non-
tidal error (approximated as the difference between AOD RL05 and
RL04) is taken into consideration. (C2) Only 2 cm orbit error and
2.5 × 10−7m/s range rate Gaussianwhite noise are taken into consider-
ation. (C3) The errors in Strategy C1 and Strategy C2 are both added to
the simulation. For the future improvements in ranging accuracy, the
simulation strategies of non-tidal model error are as follows. (D1)
only non-tidal error (approximated as the difference between AOD
RL05 and RL04) is taken into consideration, (D2) only 2 cm orbit errorFig. 9. Comparison between the solutions containing non-tidalmodel error, 2.5 × 10−7 m/s rang
equivalent water height distribution. The truncated degree is 60. No spatial ﬁlter is applied.and 5.0 × 10−8 m/s range rate Gaussianwhite noise are taken into con-
sideration, (D3) the errors in Strategy D1 and Strategy D2 are added to
the simulation.
The variances in geoid heights for the signal and error as a function
of degree are shown in Fig. 8. The converted EWHs are distributed in
Fig. 9. Generally, for the degree difference variances in terms of geoid
heights, when only non-tidal error is taken into consideration, it is
slightly larger than observation error before degree 10. Fortunately,
the inversion error solely derived from non-tidal model error is also
smaller than temporal signal for about one magnitude. Therefore, this
part of error would not obviously reveal in global EWH distribution.
When only non-tidal model error is taken into consideration, the
geoid height differences increase with increasing degree, and the SNR
becomes less than 1.0 after degree 40 in July and degree 50 in February.
However, when the 2.5 × 10−7 m/s observation error is introduced, the
intersection between the inverse solution and WGHM signal is at ap-
proximately degree 20. Correspondingly, as shown in Fig. 9, the stripe
error is small when only non-tidal model errors are considered. In con-
trast, stripe error overwhelms the temporal signal when only the
2.5 × 10−7 m/s observation error is introduced. In the solution derived
from Strategy C3, the stripe error is the most obvious. It demonstratese rate noise (ﬁrst row) and 5 × 10−8 m/s range rate noise (second row), in terms of global
Table 6
Summary of best-ﬁt annual amplitudes (cm) mass variation time series in 2005 from the
six basins, truncated to degree 60, with no spatial ﬁltering.
Strategy Amazon Orinoco Parana Ob Yenisey Volga
Error free 14.69 19.12 1.73 5.37 3.94 11.91
C1(D1) 14.77 19.31 1.71 5.62 3.92 11.64
C2 14.31 16.07 1.74 4.14 5.70 11.90
C3 15.21 19.74 2.13 5.85 3.36 12.84
D2 14.65 19.17 1.70 5.33 4.06 11.92
D3 14.76 19.31 1.71 5.63 3.89 11.64
184 H. Zhou et al. / Journal of Applied Geophysics 130 (2016) 177–185that, at the current level of measurement accuracy, the improvement of
payloads should be the primary task.
As shown in Fig. 8, when non-tidal model error is considered, at the
whole frequency range, the geoid height variances are smaller than the
solution derived from 5.0 × 10−8 m/s range rate noise. Consequently,
the variance curve of the inverse model, which incorporates the effects
of the non-tidalmodel error and the 5.0 × 10−8m/s range rate noise, al-
most overlaps the curve solely derived from non-tidal model error.
Mapping these solutions into global EWHs (Fig. 9), when only
5.0 × 10−8 m/s range rate noise is taken into consideration, shows
that the stripe errors are minimal. In contrast, the EWHs computed by
Strategy D2 and Strategy D4 contains obvious stripe errors. Fortunately,
these stripe errors are not sufﬁciently large to overwhelm the temporal
signal. This ﬁnding indicates that when the laser ranging instrument is
successfully implemented for inter-satellite tracking, non-tidal error
should be one of the main research topics for improving the temporal
gravity model inversion accuracy.
To verify the aforementioned conclusion, the best-ﬁt annual ampli-
tudes of the mass variation time series in 2005 are summarized in
Table 6. Generally, it is remarkable that the biggest discrepancybetween
the solutions derived from Strategy D2 and the error-free solution is
only 0.08 cm (in Yenisey basin). When only 5.0 × 10−8 m/s range rate
noise is considered, the discrepancy between inverse solution and
error-free solution is smallest in the Volga basin (only 0.01 cm). In the
same region, when the non-tidalmodel error is considered, the discrep-
ancy increases to 0.27 cm. If both of these two errors are introduced, the
discrepancy reaches up to 0.93 cm. When the satellite range rate accu-
racy decreases to 2.5 × 10−7 m/s, the annual amplitude discrepancy
even reached to 1.23 cm at Ob basin. In contrast, it is only 0.04 cm
when the range rate error is 5.0 × 10−8 m/s.
In addition, the RMS of the time series from the Sahara desert and
the middle of Paciﬁc Ocean are displayed in Table 7. The accuracies of
each solution are ordered from high to low as follows: Strategy D2,
Strategy D1, Strategy D3, Strategy C2 and Strategy C3. This indicates
that at current measurement accuracy level, more attention should be
paid to observation errors resulting from suboptimal payloads. In the
near future, with new instruments on new missions (for example, the
GRACE Follow-on mission), perhaps modiﬁcation to the de-aliasing
products and techniques should be made.
4. Conclusions
In this paper, the impacts of ocean tide model error and non-tidal
model error are assessedwith both simulation andGRACE observations.
Solutions from GRACE observations are computed from different ocean
tide models and non-tidal models. The geophysical model errors cause
EWH variations, and the discrepancies of EWHs computed fromTable 7
RMS (cm) ofmass variation time series in 2005 for the Sahara desert and themiddle of Pa-
ciﬁc Ocean. The truncation degree is 60, and none spatial ﬁlter is applied.
Strategy Error free C1 (D1) C2 C3 D2 D3
Sahara desert 0.05 1.42 2.76 2.83 1.40 1.45
Middle of Paciﬁc Ocean 0.003 0.55 2.64 2.94 0.39 0.57different GRACE solutions are up to 0.5 cm and 0.6 cm for several
major river basins in South America and Eastern Europe. Considering
the current accuracy of the GRACE solutions, the biggest improvement
to solution accuracy will come from improving accuracy in the GRACE
satellite ranging observations.
In the simulation, the results indicate that, at current satellite range
observation accuracy levels, ocean tidemodel error andnon-tidalmodel
error mainly affect the inverse solutions at degrees lower than 20 and
10, respectively. This demonstrates that, at the current level of accuracy
inter-satellite range rate measurements, observation error plays the
dominant role in stripe error formation. However, when the range
rate accuracy improves to 5 × 10−8 m/s, the solutions errors resulting
from geophysical model errors (including ocean tide model and non-
tidal model), are larger than the one only derived from 5 × 10−8 m/s
range rate noises throughout the whole spectral range. Therefore,
when the laser interferometer ranging system is introduced, geophysi-
cal de-aliasing model error will play the dominant role in stripe error
formation. In terms of the annual amplitude of mass variation in six
major basins located in South America and Eastern Europe, the statisti-
cal results show that a 2.5 × 10−7 m/s range rate error substantially af-
fect the accuracy of temporal gravity ﬁeld model, while geophysical
model error and 5×10−8m/s range rate error are less problematic. Spe-
ciﬁcally, when only 5 × 10−8 m/s range rate noises are considered, the
inverse EWHs accuracy can reach the millimeter level for the basins
larger than 105 km2.
Generally, geophysical model error is minor at current observation
accuracy level, but in the near future, in order to improve the temporal
geophysical signal recovery, modiﬁcations to the geophysical de-
aliasing models and workﬂows will be necessary.
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